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Objectives: Biofilm formation by Candida albicans poses an important therapeutic challenge in human diseases.
Typically, conventional antifungal agents encounter difficulty in treating and fully eradicating biofilm-related
infections. Novel therapeutic approaches are needed to treat recalcitrant Candida biofilms. Farnesol is a
quorum-sensing molecule, which induces apoptosis, inhibits Ras protein pathways and profoundly affects the
morphogenesis of C. albicans. We therefore investigated the interactions between farnesol and different classes
of antifungal agents.

Methods: The combined antifungal effects of triazoles (fluconazole), polyenes (amphotericin B) and echinocan-
dins (micafungin) with farnesol against C. albicans biofilms were assessed in vitro. Antifungal activity was
determined by the XTT metabolic assay and confocal microscopy. The nature and the intensity of the interactions
were assessed using the Loewe additivity model [fractional inhibitory concentration (FIC) index] and the Bliss
independence (BI) model.

Results: Significant synergy was found between each of the three antifungal agents and farnesol, while antag-
onism was not observed for any of the combinations tested. The greatest synergistic effect was found with
the farnesol/micafungin combination, for which the BI-based model showed the observed effects as being
39%-52% higher than expected if the drugs had been acting independently. The FIC indices ranged from
0.49 to 0.79, indicating synergism for farnesol/micafungin and farnesol/fluconazole and no interaction for
farnesol/amphotericin B. Structural changes in the biofilm correlated well with the efficacies of these
combinations. The maximum combined effect was dependent on the farnesol concentration for micafungin
and amphotericin B.

Conclusions: Farnesol exerts a synergistic or additive interaction with micafungin, fluconazole and amphotericin
B against C. albicans biofilms, thus warranting further in vivo study.
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Introduction enhance the efficacy of traditional antifungal agents in the thera-
peutic armamentarium targeting biofilm-related infections.
Biofilm-related infections caused by Candida albicans pose a Quorum-sensing molecules play an essential role in biofilm

major threat to public health as these infections are refractory  growth and regulation. These molecules have a unique mechan-
to current treatment modalities and thus constitute a reservoir  ism of action as they are continually produced during cell growth
for continued infection.” Therefore, it is crucial to include the in amounts proportional to cell mass, leading to a coordinated
exploration of novel drugs and the use of compounds that may  expression of quorum-sensing target genes. In eukaryotic cells,
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quorum-sensing was unknown until the discovery of farnesol,” an
acyclic sesquiterpene alcohol generated by the dephosphoryla-
tion of farnesyl pyrophosphate during the mevalonate biosyn-
thetic pathway in mammalian and yeast cells.** Exogenous
farnesol has been shown to block the yeast-to-filamentous tran-
sition and biofilm formation in a concentration- and time-
dependent manner, with an optimal effect at high concentrations
(>100 pM) and at the earliest stages of biofilm development.”~’

Given the anti-biofilm effects of farnesol against Candida spp.,
we hypothesized that it could augment the efficacy of conven-
tional antifungal agents. To that end, we aimed in this study to
investigate the in vitro effects of farnesol in combination with dif-
ferent classes of different antifungal agents, including triazoles
(fluconazole), polyenes (amphotericin B) and echinocandins
(micafungin), against C. albicans biofilms.

Materials and methods

Organisms

C. albicans SC5314, a well-characterized biofilm-producing strain, was
used throughout this study.® Candida was maintained in 25% glycerol
and 75% peptone at —80°C and was subcultured on Sabouraud dextrose
agar (BBL, Becton, Dickinson and Co. Sparks, MD, USA). The day before the
experiment, C. albicans was grown overnight in yeast-nitrogen-base broth
(pH 7, supplemented with 50 mM glucose; Baltimore, Bioworks) in an
orbital shaker at 37°C under aerobic conditions. Before their use for biofilm
formation, blastoconidia were suspended in 0.15 M PBS (pH 7.2; Growcells,
Irvine, CA, USA), resuspended in RPMI 1640 supplemented with
t-glutamine buffered with MOPS (Sigma-Aldrich, St Louis, MO, USA) and
adjusted to a cell density of 1x10° blastoconidia/mL. All experiments
were performed at least in triplicate on three separate days.

Biofilm formation

Biofilms were grown in vitro on the surface of polystyrene, flat-bottom
96-well microtitre plates (Corning Inc., Corning, NY, USA) as previously
described.® Briefly, 100 L of the standardized C. albicans suspension (1x
106 blastoconidia/mL) in RPMI 1640 was allowed to adhere and form bio-
films at 37°C for 48 h. Following biofilm formation, the medium was aspi-
rated and non-adherent cells were removed by washing twice with
sterile PBS.®

Antifungal agents

Fluconazole (Sigma-Aldrich, St Louis, MO, USA), deoxycholate amphotericin
B (Sigma-Aldrich, St Louis, MO, USA) and micafungin (Fujisawa Healthcare
Inc., Deerfield, IL, USA) were used in this study. The antifungal agents
were obtained in lyophilized powder form. Stock solutions of fluconazole
(2 mg/mL), amphotericin B (10 mg/mL) and micafungin (5 mg/mL) were
prepared in sterile distilled water (for amphotericin B and micafungin)
with 10% DMSO (for fluconazole) and preserved according to the manu-
facturer’s instructions. Farnesol (Sigma Chemical Co., St Louis, MO, USA)
obtained as 3 M stock solution was diluted to a 30 mM solution in 100%
methanol.® The working concentrations of all the antifungal agents used
were prepared in RPMI 1640. The drug-free control contained 1%
methanol.

Susceptibility testing

Planktonic MICs were determined according to the CLSI (formerly NCCLS)
M27-A2 method.® MICs were determined as the lowest drug concentra-
tion at which a prominent (for fluconazole, micafungin and farnesol) or
complete (for amphotericin B) decrease in turbidity was observed,

corresponding to an ~50% reduction in growth and complete inhibition
of growth, respectively.'®~1?

Biofilm MICs were determined after incubation with the antifungal
compounds for 24 h as the minimum antifungal drug concentrations
that caused >50% reduction in the metabolic activity of the biofilms com-
pared with controls.!?

Biofilm formation and the anti-biofilm activity of the antifungal agents
were assessed by XTT (0.25 mg/mL) and menadione (25 uM) assay. XTT
conversion was measured spectrophotometrically (Magellan CE PR3100
TSC; Bio-Rad Laboratories, Redmond, WA, USA) at 450/620 nm. Mature
biofilms were incubated for 24 h at 37°C with the antifungal agents,
washed with PBS and then incubated for an additional 30 min to allow
the conversion of XTT into its formazan derivative.

The metabolism inhibitory effect of the drugs was calculated using colour
absorbance (A) as 1OOO/OX(AwellfAbackgrouhd) / (Adrugffree wellfAbuckground)
where the background was measured from a fungal-free well (the control,
considered to be 100%)."3

Combination antifungal treatment of biofilms

Mature biofilms were incubated for 24 h at 37°Cwith farnesol alone and in
combination with fluconazole, amphotericin B or micafungin including
drug-free controls using a two-dimensional (8 x12) chequerboard micro-
dilution method in sterile 96-well flat-bottom microtitration plates.!® The
choice of the appropriate range of drug concentrations was based on the
biofilm MIC findings for the individual antifungal agent. The antifungal
agents were prepared in serial 2-fold dilutions and their final concentra-
tions ranged from 0.586 - to 300 pM for farnesol, 8 to 512 mg/L for flucon-
azole, 0.5 to 32 mg/L for amphotericin B and 0.0312 to 2 mg/L for
micafungin. The combined effects of each of the antifungal agents with
farnesol were quantified by the XTT metabolic reduction assay.

Analysis of farnesol and antifungal agent interactions

The nature of the in vitro interactions between farnesol and each of the
antifungal agents was assessed using two different models: the Loewe
additivity model™* using the fractional inhibitory concentration (FIC)
index, and the Bliss independence model.®

The FIC index is expressed with the following equation:

CAcomb

CBcomb
MICAoLone +

MICBulone

> FIC =FICA + FICB =

where MIC,°" and MICg®°"e are the MICs of drugs A and B when acting
alone, and C,°™ and Cg®™ are the concentrations of drugs A and B in
combination, respectively, in all of the wells corresponding to an MIC (iso-
effective combinations). Among all }_FICs calculated for all isoeffective
combinations, the FIC index was determined as the Y FIC,, (the lowest
>"FIC) or the Y_FICnax (the highest Y FIC). Off-scale MICs were converted
to the next highest or lowest doubling concentration. Finally, the median
and the range of FIC indices of the replicates were determined. The MICs of
the drugs alone and of all the isoeffective combinations were determined
as the lowest drug concentrations showing <50% reduction in the meta-
bolic activity of an untreated control.’®

The Y_FICs were interpreted as synergistic when Y FIC<0.5, as antagon-
istic when "FIC>4 and as showing no interaction when Y"FIC>0.5-4.""
The FIC index corresponded to the Y FICwi, unless the Y FICmqx was higher
than 4. In the latter case, both the Y FICyin and the Y FICyqx were
reported.’® The FICs among the different treatment groups were compared
by analysis of variance followed by a post-test for linear trends. Differences
with two-sided P<<0.05 were considered statistically significant. All statistical
analyses were performed using SPSS software (version 20; SPSS).

According to the Bliss model, the expected theoretical percentage of
growth (Einq) (compared with an antifungal agent-free control) describing

471



Katragkou et al.

Table 1. In vitro interactions by FIC indices of farnesol in combination with antifungal agents against C. albicans biofilms

Antifungal combination Number of experiments®

Type of interaction

>"FIC mean+SEM > FICrin (range)

Farnesol and fluconazole 3
Farnesol and amphotericin B 3
Farnesol and micafungin 5

synergistic 0.50+0.02 1.00-0.15
no interaction 0.79+0.02 1.03-0.25
synergistic 0.4940.02 1.00-0.14

“Performed in triplicate.

the effect of the combination of two antifungal agents was calculated
using the following equation: E;.g=ExxEg, where E5 and Eg are the experi-
mental percentages of growth when each antifungal agent acts alone. For
each combination of x mg/L of antifungal agent A with y mg/L of antifun-
gal agent B in each of the independent replicate experiments, the experi-
mental observed percentage of growth, Eqps, Was subtracted from Ejng.
When the AE (AE=E;q — Eobs) Was positive and its 95% CI did not include
0, significant synergy was claimed for the specific combination of x mg/L of
antifungal agent A and y mg/L of antifungal agent B. When the AE was
negative without its CI overlapping 0, statistically significant antagonism
was claimed. In any other case where the 95% CI of AE would include O,
the conclusion was Bliss independence. The AE was calculated for the
combination of each concentration of the two drug combinations. The
sum and the mean of all statistically significant synergistic (AE+95%
CI>0) and antagonistic (AE+95% CI<0) combinations are reported.
The AEs that were significantly different from 0 of all combinations were
constructed as a three-dimensional plot, with an interaction surface plot,
the peaks above and below the 0 plane indicating synergistic and antag-
onistic interactions, respectively, while the 0 plane indicated indifferent
interactions.*®~%°

In an attempt to summarize the whole interaction surface in a value,
we calculated the sum percentages of all statistically significant synergis-
tic (3_SYN) or antagonistic (3" ANT) interactions for our three different
combinations. Interactions with <100% were considered weak, those
with 100%-200% were considered moderate and those with >200%
were considered strong.?>%°

Confocal laser scanning microscopy (CLSM)

CLSM was used to visualize the structural effects of antifungal agents
alone and in combination with farnesol. Candida biofilms formed on the
surface of 5 mm diameter glass-bottom multiwell culture plates (MatTek
Corp., Ashland, MA, USA) were then treated with fluconazole, amphotericin
B or micafungin alone and in combination with farnesol as described
above. After treatment, the supernatant was removed and the biofilms
were incubated with fluorescent stains. Namely, 150 L of PBS containing
FUN-1 (0.2 wlL from 10 mmol/L stock; Molecular Probes) and concanavalin
A-Alexa Fluor 647 conjugate (0.75 pL from 5 mg/mL stock; Invitrogen)
was added to each well containing biofilms and was incubated for
45 min at 37°C. FUN-1 is converted into orange-red or yellow-orange fluor-
escent intravacuolar compounds by metabolically active cells,** whereas
the concanavalin A-Alexa Fluor 647 conjugate binds to a-mannopyranosyl
and a-glucopyranosyl residues of cell wall polysaccharides and emits
green fluorescence. Stained biofilms were visualized by CLSM. Imaging
was performed with a Zeiss LSM 510 Meta confocal microscope (Carl
Zeiss Microimaging) equipped with a 40X C-Apochromat (numerical aper-
ture, 1.2) objective. Image z-stacks with 0.22 um x-y pixel size, 1.0 pm
z-axis step size and 2.0 optical slice thickness were collected.

Results

The planktonic MICs of fluconazole, amphotericin B and micafun-
gin were 4,0.125 and 0.25 mg/L, respectively, and that of farnesol

was 300 wM. The biofilm MICs of fluconazole, amphotericin B
and micafungin, as evidenced by a decrease in Candida metabolic
activity in an XTT colorimetric assay, were >256, 4 and 0.25 mg/L,
respectively, and that of farnesol was >600 wM (the results are
the mean values from four experiments performed on differ-
ent days).

Table 1 summarizes the in vitro interactions between farnesol
and each of the antifungal agents as determined by the FIC index.
The mean FIC indices of the metabolic inhibitory effects of each
combination were 0.50 for the farnesol/fluconazole combination,
0.79 for the farnesol/amphotericin B combination and 0.49 for the
farnesol/micafungin combination, indicating a synergistic inter-
action for the farnesol/fluconazole and farnesol/micafungin com-
binations and no interaction for the farnesol/amphotericin B
combination. No value of Y FIC >4, indicative of antagonism,
was observed for any of the farnesol combinations tested. There
was an overall reduction in the MICs of all the agents tested in
combinations compared with the MICs when they were tested
alone. Namely, the median MIC of farnesol tested alone was
450 uM, while in combination with fluconazole this reduced to
150 wM. The MIC (median value) of fluconazole alone was
1024 mg/L and in combination with farnesol was 64 mg/L. For
the farnesol/amphotericin B combination, the MIC (median
value) of farnesol alone was 600 uM and in combination was
14 uM, and for amphotericin B the respective median values
were 1.5 mg/L (alone) and 1 mg/L (in combination). For the
farnesol/micafungin combination, the MIC (median value) of
farnesol alone was 600 wM and in combination was 300 M,
and for micafungin the respective median values were 4 mg/L
(alone) and 0.25 mg/L (in combination).

The interaction parameters of the Bliss independence model
are summarized in Table 2 and the interaction surface plots of far-
nesol combined with each of the three antifungal agents are
shown in Figures 1-3. A synergistic interaction is depicted as a
net positive direction of AE. The magnitude of the synergistic
interactions is directly related to positive AE value. The different
tones in three-dimensional plots represent different percentile
bands of synergy.

The treatment of C. albicans biofilms with farnesol and flucon-
azole resulted in synergistic interactions when a range of flucon-
azole concentrations (8 to 512 mg/L) were combined with
farnesol in concentrations ranging from 0.586 to 75 uM (Figure 1).
Combination treatment with farnesol and amphotericin B showed
synergistic interaction over a range of amphotericin B concentra-
tions (0.5 to 16 mg/L) and at higher farnesol concentrations
(18.75-300 wM) (Figure 2). Finally, the treatment of C. albicans bio-
films with farnesol and micafungin showed synergistic interactions
only at high farnesol concentrations (150-300 wM) and over a
range of micafungin concentrations (0.0625-2 mg/L) (Figure 3).
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Table 2. In vitro interactions by Bliss independence analysis of farnesol in combination with antifungal agents against C. albicans biofilms

Antifungal combination Number of experiments®  Type of interaction ~ Mean % AE value (range) ~ Mean % SEM (range) Y _SYN% (n)
Farnesol and fluconazole 3 synergistic 38.03 (23.10-48.86) 7.11 (3.19-9.8) 1217.1 (32)
Farnesol and amphotericin B 3 synergistic 16.23 (6.88-30.86) 2.56 (1.27-4.16) 438.2 (27)
Farnesol and micafungin 5 synergistic 43.72 (38.74-51.96) 8.21 (6.28-10.33) 480.9 (11)

AE, the experimental observed percentage of growth subtracted from the calculated percentage of growth according to the Bliss independence model

theory (see the text).
>"SYN, the sum of percentages of all synergistic interactions.

n, the number of separate combinations with statistically significant synergistic interactions.

“performed in triplicate.

128 g4

Fluconazole (mg/L)

Figure 1. In vitro interaction between farnesol (0.586-300 wM) and
fluconazole (8-512 mg/L) against C. albicans biofilms based on the Bliss
independence no interaction model. The x-axis and y-axis represent the
concentrations of farnesol and fluconazole and the z-axis represents the
% AE (see the text). The zero plane (AE=0) represents indifferent
interactions whereas volumes above (AE>0) represent statistically
significant synergistic interactions. The magnitude of the synergistic
interactions is directly related to positive AE value. The different tones in
the three-dimensional plots represent different percentile bands of
synergy. The % AE +SEM was 38.0%+ 7.1% for the farnesol/fluconazole
combination (synergistic interaction). The combination of farnesol and
fluconazole against C. albicans biofilms resulted in a 1217.1% sum of
statistically significant interactions (3 SYN).

Comparing the magnitude of these interactions (related to the AE
value) for all tested antifungal agents in combination with farnesol,
it was shown that micafungin had a greater synergistic effect
(43.7%) than farnesol/fluconazole (38.0%, P=0.04) or farnesol/
amphotericin B (16.2%, P<<0.001).

The sums of all statistically significant synergistic are presented
in Table 2. All combinations were strong (>200%); the highest
value (1217.1%) was observed for the farnesol/fluconazole
combination while for the farnesol/amphotericin B and farnesol/
micafungin combinations the overall interaction surfaces were
comparable (438.2% and 480.9%, respectively).

8 Amphotericin B
o 32 (mg/L)

Farnesol (uM)

Figure 2. In vitro interaction between farnesol (0.586-300 pM) and
amphotericin B (0.5-32 mg/L) against C. albicans biofilms based on the
Bliss independence no interaction model. The x-axis and y-axis represent
the concentrations of farnesol and amphotericin B and the z-axis
represents the % AE (for more information see the legend for Figure 1).
The % AE+SEM was 16.2%+2.6% for the farnesol/amphotericin B
combination (a synergistic interaction). The combination of farnesol and
amphotericin B against C. albicans biofilms resulted in a 438.2% sum of
statistically significant interactions (3 SYN).

CLSM visualization of C. albicans biofilms treated with
farnesol in combination with antifungal agents

The structural features of C. albicans biofilms after 24 h of treat-
ment with farnesol alone or in combination with antifungal
agents were demonstrated by CLSM. In order to optimally study
the structural effects of combination therapy on C. albicans bio-
films, the concentrations tested were those of the combinations
that yielded the highest interaction, i.e. the combinations with
the highest % AE value.

There was no apparent distortion in the biofilm architecture in
the farnesol-treated biofilms at the low concentration (37.5 uM)
while at the higher concentration (150 uM) there was a structural
distortion, with the biofilm appearing more scant compared with
untreated (control) biofilms, with a loss of elongated hyphal
elements and a predominance of yeast-like forms (Figure 4).

Biofilms treated with farnesol in combination with fluconazole
showed a mild distortion of their architecture compared with
fluconazole-treated biofilms or untreated biofilms; however, the
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Figure 3. In vitro interaction between farnesol (0.586-300 uM) and
micafungin (0.03-2 mg/L) against C. albicans biofilms based on the Bliss
independence no interaction model. The x-axis and y-axis represent the
concentrations of farnesol and micafungin and the z-axis represents the
% AE (for more information see the legend for Figure 1). The %
AE + SEM was 43.7% + 8.2% for the farnesol/micafungin combination (a
synergistic interaction). The combination of farnesol and micafungin
against C. albicans biofilms resulted in a 480.9% sum of statistically
significant interactions (>_SYN).

number of non-viable cells, as stained by FUN-1, in the biofilm
with the combined treatment was increased (Figure 5a-c).
While biofilms exposed to combined treatment with farnesol/
amphotericin B were still composed of a network of hyphae and
pseudohyphae, the structure was scant compared with untreated
biofilms (Figure 5a and e) and the cell viability was reduced com-
pared with amphotericin B-treated biofilms (Figure 5d).

More impressive were the images of the combined effect of far-
nesol and micafungin (Figure 5f and g), in which the biofilm struc-
ture was greatly distorted and true hyphae were rarely observed.
Collectively, the extent of the morphological changes induced by
the farnesol combined treatment was well correlated with the
corresponding efficacies of farnesol with antifungal agents
against biofilms, with micafungin and farnesol eliciting greater
disruption than amphotericin B with farnesol; in addition ampho-
tericin B and farnesol elicited greater disruptions than fluconazole
and farnesol. Treatment of C. albicans biofilms with farnesol in
combination with each antifungal agent showed that there was
an antifungal agent-dependent effect.

Discussion

The dimorphic C. albicans is one of the most important fungal spe-
cies, causing a spectrum of diseases ranging from superficial
mucocutaneous to life-threatening invasive infections with a
high mortality rate, particularly in immunocompromised indivi-
duals.?? Candida dimorphic switching from a yeast to a hyphal
morphology is crucial not only for its virulence and dissemination
but also for biofilm development. There is clear epidemiological
evidence that a significant proportion of Candida infections, par-
ticularly those related to indwelling medical devices such as cen-
tral venous catheters, joint prostheses, dialysis catheters and
cardiovascular devices, as well as other chronic and difficult to
treat infections like endocarditis, urinary tract infections and den-
ture stomatitis, are related to biofilm formation.”?

Control Control

Farnesol 37.5 uM Farnesol 37.5pyM  Z=33 pm

Farnesol 150 uM

Farnesol 150 pM PARERTN

Figure 4. Effect of farnesol on C. albicans biofilms. (a) Untreated biofilm.
(b) Biofilm exposed to farnesol at 37.5 wM. (c) Biofilm exposed to farnesol
at 150 pM. Concanavalin A-Alexa Fluor 647 conjugate (green stain
highlighting the Candida cell walls) and FUN-1 (yellow-orange stain
highlighting non-viable cells) were used to directly visualize the effects
of antifungal agents on biofilms. Images are single optical sections. The
first image in each row depicts the upper layer of the biofilm, while the
second panel illustrates a level near the bottom of the biofilm. This
figure appears in colour in the online version of JAC and in black and
white in the print version of JAC.

The mode of action of farnesol in Candida remains largely
unknown; nevertheless, it seems to be complex and in all probabil-
ity involves several mechanisms including growth-inhibitory and
apoptosis-promoting effects.?*?> Recent studies from independ-
ent investigators have identified at least five different potential
signalling pathways regarding farnesol’s effect on the morpho-
genesis of Candida.”® Collectively, these studies show that farnesol
inhibits germ tube formation by suppressing both mitogen-
activated protein (MAP) kinase and cAMP-protein kinase A (PKA)
pathways, while the downstream effectors in these pathways
are initially activated by a Ras protein.?’ ~° Ras signals play an
important role in the fate of C. albicans as they exert apoptotic
effects accelerating programmed cell death.*° Moreover, several
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(c)
Farn+FLC

(e)

Farn+AMB

Farn+MFG

Figure 5. Effect of farnesol combination treatment on C. albicans biofilms.
(a) Untreated biofilm. (b) Biofilm exposed to fluconazole at 64 mg/L.
(c) Biofilm exposed to combination treatment of farnesol at 37.5 uM
plus fluconazole at 64 mg/L. (d) Biofilm exposed to amphotericin B at
0.5 mg/L. (e) Biofilm exposed to combination treatment with farnesol at
37.5 pM plus amphotericin B at 0.5 mg/L. (f) Biofilm exposed to
micafungin at 2 mg/L. (g) Biofilm exposed to combination treatment
with farnesol at 150 wM plus micafungin at 2 mg/L. Concanavalin
A-Alexa Fluor 647 conjugate (green stain highlighting the Candida cell
walls) and FUN-1 (yellow-orange stain highlighting non-viable cells)
were used to directly visualize the effects of antifungal agents on
biofilms. Images are single optical sections. Farn, farnesol; FLC,
fluconazole; AMB, amphotericin B; MFG, micafungin. This figure appears
in colour in the online version of JAC and in black and white in the print
version of JAC.

studies make a compelling case that farnesol has an important
role in promoting apoptosis in C. albicans;***? however, the
mechanisms underlying farnesol-induced antifungal activity
remain to be further elucidated.

Whether farnesol functions in vivo as a therapeutic or a
virulence-promoting factor is a controversial topic as there is a
contradiction between experimental findings. The current data
suggest that farnesol might be a virulence factor since its lipo-
philic properties promote invasiveness into cell membranes.
Besides, farnesol appears to play a role in host defence mechan-
isms, promoting a T-helper2 (Th2)-mediated response, which is a
less effective immune response against Candida infections.*:3
However, other in vivo models show that exogenously adminis-
tered farnesol has a protective effect against local and dissemi-
nated candidiasis.®*>°

In the present study we investigated the interactions between
farnesol and antifungal agents representing different classes,
i.e. triazoles (fluconazole), polyenes (amphotericin B) and echino-
candins (micafungin), against C. albicans biofilms. We used RPMI
1640 culture medium in all the experiments assessing antifungal
activity as RPMI 1640 simulates the conditions of glucose and
amino acid concentration encountered in mammalian serum
and extracellular fluid. However, the effect of serum proteins
such as albumin on farnesol activity remains to be determined.
Our findings, based on metabolic inhibitory effects, consistently
demonstrated that farnesol exerts a synergistic or additive inter-
action with all the antifungal agents tested while antagonism was
not observed for any of the combinations tested. Furthermore, the
structural changes of the biofilms correlated well with the effica-
cies of the combination treatments. Another finding, which can
lead to important assumptions regarding the mechanisms of
these interactions, and ultimately to farnesol’s mode of action
per se, is that the degree of synergy between farnesol and antifun-
gal agents differed significantly between the three compounds
while the maximum combined effect was dependent on farnesol
concentration for amphotericin B and micafungin. The synergistic
interaction between farnesol and antifungal agents has previ-
ously been shown with planktonic Candida cells.®” However,
the concept of combination antifungal treatment would be
more applicable against the more therapeutically challenging
biofilms.

Farnesol’s anti-biofilm activity alone or in combination with
antimicrobial agents was originally shown in bacterial biofilms
where farnesol had a significant impact on glucan accumulation
in Streptococcus mutans biofilms.>® Furthermore, farnesol non-
specifically enhanced the permeability of Staphylococcus aureus
biofilms, acting synergistically with certain classes of antimicro-
bials such as aminoglycosides, which cannot penetrate intact
bacterial cells in order to reach their target. However, this syner-
gistic interaction was not as effective in completely eradicating
S. aureus biofilms.?? Similarly, a synergistic effect was also not
observed for farnesol with vancomycin, tetracycline and rifampi-
cin against Staphylococcus epidermidis biofilms; however, the bio-
films appeared to be more susceptible to the most lipophilic
antibiotic (rifampicin) tested.*® The effect of farnesol against
staphylococcal biofilms was further validated by studies by
Pammi et al.“* where, using both in vitro and in vivo biofilm mod-
els, farnesol was shown to inhibit biofilms of S. epidermidis and
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exert a synergistic effect with nafcillin and vancomycin at most
combination ratios. An evaluation of the confocal imaging
revealed a significant decrease in the biovolume, thickness and
substratum coverage of farnesol-treated S. epidermidis bio-
films.“>*2 While it is plausible that the modified experimental pro-
cedures are responsible for the discrepancies in these studies, it is
more likely that the lipophilic properties of farnesol, which favour
its localization in cell membranes, may cause a mechanistic dis-
ruption of the cytoplasmic membrane and ultimately destruction
of the biofilm structure, rendering the microbial cells accessible to
antimicrobial agents.

Consistent with the observations in bacteria, the synergistic
interaction observed between farnesol and fluconazole against
Candida spp. biofilms may be attributable to farnesol’s disruptive
effect on the fungal cell membrane, which renders the fungal cell
membrane permeable to exogenous compounds such as flucon-
azole.® However, as has been pointed out, farnesol’s mode of
action is complex and involves several mechanisms including an
inhibition of ergosterol synthesis, which is not surprising given that
farnesol is synthesized as part of this pathway. In addition, tran-
scriptomic analysis studies have shown that farnesol affects the
expression of genes involved in ergosterol metabolism?® and inhi-
bits fluconazole resistance in Candida biofilms by down-regulating
partial gene expression in ergosterol biosynthesis.*

In vitro studies have shown that farnesol is a specific drug
efflux pump modulator, reversing the extrusion of specific com-
pounds mediated by selected ATP binding cassette (ABC) drug
transporters (such as CaCdrlp, CaCdr2p and ScPdr5p but not
CaMdr1p) in planktonic C. albicans.** However, the efflux pump
modulating effect of farnesol does not seem to adequately
explain its synergistic effect with fluconazole, ketoconazole, mico-
nazole and amphotericin B in C. albicans cells.** Instead, the
authors suggest that the substantial accumulation of reactive
oxygen species (ROS),** which can lead to apoptotic cell
death,*>*® may contribute to farnesol’s synergistic effect with
antifungal agents. Alternatively, farnesol has been speculated to
inhibit fluconazole resistance in C. albicans biofilms by playing a
certain role in down-regulating the expression of multidrug resist-
ance (MDR1) genes.43 Thus far, however, the reported effects of
farnesol on the drug efflux pump are not straightforward.

Previous investigations have clearly shown that farnesol trig-
gers an apoptotic process in eukaryotic cells via the induction of
caspases, the production of ROS and the disruption of mitochon-
drial integrity, ultimately resulting in cell death.***’ Elucidating a
defined mechanism behind the apoptotic effect of farnesol on
C. albicans, Zhu et al.>? provided direct evidence for the involve-
ment of Cdrlp in the extrusion and depletion of the antioxidant
glutathione in the cytotoxicity of farnesol through a disruption
of intracellular redox homeostasis.

Multiple pathogenic traits of C. albicans including adhesion,
biofilm formation and morphogenesis have been associated
with the Ras signalling pathway and its downstream compo-
nents.“® Farnesol activates transmembrane domains of Ras,
which in turn inhibit the cAMP-PKA pathway and MAP kinase path-
way.?’~%? Current evidence indicates that Ras and ROS are two
important molecules whose function, while enigmatic, seems to
be interrelated.*®>° Ras and ROS are linked in that ROS is a factor
that requlates Ras protein levels.*® On the other hand, there is evi-
dence that antifungal agents induce ROS in fungal biofilm cells.’*
At this stage it is not possible to draw definitive connections to

unravel the mechanisms underlying the interactions of farnesol
and antifungal agents. However, we can hypothesize that the syn-
ergistic effect observed in our studies may be caused by the
antifungal-mediated induction of ROS, which in turn up-regulates
Ras proteins, therefore facilitating the action of farnesol in the
inhibition of the cCAMP-PKA and MAP kinase pathways.*>*8>1

In conclusion, the findings from this study demonstrate that
farnesol in combination with antifungal agents may have utility
as an adjuvant anti-biofilm agent. Elucidating the specific bio-
chemical pathway towards ROS-Ras amplification may lead to
new treatment targets to improve the outcome of patients with
Candida biofilm-related infections.
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